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ABSTRACT

It is clear that the use of
intensive harvest techniques, such
as whole-tree or complete—tree
clear-cutting, will produce
substantially higher yields of
biomass than would conventional
bole-only clear-cutting of the
same stand. However, these
increases in biomass yield are
accompanied by much larger
increases in the removal of
nutrients, due to the removal of
nutrient-rich tissues in the
intensive harvests. Thus, the
short—-term biomass gains are
purchased at the longer—-term
expense of accelerated nutrient
removals. These nutrient removals
can be further increased by severe
disturbance of the site during

logging or subsequent site
preparation.
Simple calculations indicate

that, for short-rotation Populus

plantations, the nutrient removals
with whole—-tree-harvested biomass
would result in a relatively rapid
nutrient impoverishment of the
site. On the other hand, medium
or longer—term rotations result in
more moderate calculated removals
of nutrients with harvested bio~
mass, which appear to be of less
ecological significance. However,
due to variations and other uncer-
tainties in many of the data upon
which these calculations were
based, these conclusions are
tentative. Longer—term studies
are required, including further
refining and field-testing of
forest growth models.

RESUME

I1 est évident que l'emploi de
techniques de récolte intensive,
telles que la coupe rase par
arbres entiers ou au complet,
produira des rendements en bio-
masse substantiellement plus
élevés que la méthode classique de
coupe rase des fiits seulement du
méme peuplement. Toutefois, ces
accroissements de rendement en
biomasse s'accompagnent d'accrois-
sements de prélévement d'é&léments
nutritifs de beaucoup plus &lévés,
du fait que des tissus riches en
ces mémes &léments sont prélevés
par les récoltes intensives.
Ainsi donc, les gains 3 court
terme en biomasse se soldent A
long terme par des prélévements
accélérés d'éléments nutritifs,
qui peuvent &tre encoure accentués
par la grave perturbation résul-
tant des opérations d'exploitation
ou de préparation subséquente de
la station.

Des calculs simples montrent
que, pour les plantations de

-~

Populus 3 courte rotation, le pré-

lé&vement d'éléments nutritifs qui

s'opére avec la récolte de bio-
masse par arbres entiers abouti-
rait 8 un appauvrissement rela-
tivement rapide de 1la statiomn.
Par contre, des rotations 3 moyen
ou 3 long terme se traduiraient
par des prélévements calculés plus
modérés avec la biomasse récoltéég,
ce qui semble avoir un impact
moindre sur 1'écologie. Toute-
fois, en raison des variations et
autres incertitudes afférentes 3
beaucoup des données sur lesquel-
les ces calculs ont é&té é&tayés,
les conclusions ci-dessus sont
hypothétiques. Des é&tudes de plus
longue haleine s' imposent, y com—
pris le perfectionnement et 1'ex-
périmentation in situ de modéles
de croissance forestiére.
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FOREWORD

ENFOR is the bilingual acronym for
the Canadian  Forestry  Service's
ENergy from FORest (ENergie de La
FORé&t) program of research and
development aimed at securing the
knowledge and technical competence to
facilitate in the medium to long term
a greatly increased contribution from

forest biomass to our nation's
primary energy production. This
program 1is part of a much larger
federal government initiative to
promote the development and use of
renewable energy as a means of

reducing our dependence on petroleum
and other non—-renewable energy
sources.

ENFOR projects are selected from
among proposals submitted by private
and public research organizations

according to scientific and technical
merit, in the light of program objec-
tives and priorities. Regardless of
proposal source, projects are carried

out primarily by contract. For
further information on the ENFOR
program, contactee.ecos

ENFOR Secretariat

Canadian Forestry Service

Department of the Environment

Ottawa, Ontario

K1A 1G5

or
the Director of the establishment
issuing the report.
This report is  based on ENFOR

Project P-40,
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1. INTRODUCTION

Forest-related industries collec-
tively comprise one of Canada's
largest industrial sectors. Total

outputs in 1978 were some $18
billion, and the sector, directly
accounted for some 300,000 jobs
(Anon. 1978). At present, the forest
industries mainly utilize trees as
sources of structural materials or
fibre. However, with the rising
costs and dwindling reserves of
energy derived from non-renewable
hydrocarbon resources, attention is
also focusing on the potential for
the use of forest biomass as a
renewable source of energy. In a
country such as Canada, having ca.
37% of its land area forested [3.4 x
106km2, ca. 10% of the productive
forest lands in the world (Bowen
1978)], tree biomass has the poten-
tial to displace significant quanti-
ties of fossil fuel energy (e.g.,
Evans 1974; Anon. 1976 a,b,; Love and
Overend 1978; Jones et al. 1979;
Henry 1980).

To maximize the short-term
economic returns from forest manage-
ment and harvest for materials or
energy purposes, it is likely that
intensive removals of biomass will
occur over increasingly larger tracts
of forest. For example, whole-tree
(above-ground), and possibly even
complete-tree (above and below-
ground) harvesting may be used exten-
sively. Although these harvest
methods greatly increase the biomass
yields per unit of forest land, they
generally increase nutrient removals
by substantially larger factors. At
present, the ecological consequences
of these accelerated rates of
nutrient removal from forest stands
are not understood, largely due to a
paucity of  site, species, and
element-specific data relevant to: i)
nutrient removals during forestry
operations, ii) the sizes of the
nutrient pools in total and plant

exploitable forms in various residual
soil compartments, iii) the  net
accretions or depletions of the
various nutrients in both cut and
uncut stands, and iv) the degree of
nutrient limitation of forest produc-
tivitye. In addition, even where
these data are available, we have an
incomplete understanding of how these
and other factors interact ecologi-
cally to determine site productivity.

Because of the greatly-accelerated
rates of nutrient removals in whole-
tree or complete-tree harvested
forests (frequently exceeding nutri-
ent removals by conventional clear-
cutting by factors of 2-3), it seems
reasonable to envisage future deteri-
oration of many sites. Further
evidence for this is found in the
observation that the productivities
of most forest stands in Canada are
to some degree nutrient-limited,
especially with respect to the rate
of supply of nitrogen in an assimi-
lable form (e.g., Hegyi 1974; Armson
et al. 1975; Weetman et al. 1974,
1976; Czapowskyj 1977; Ballard 1979;
Tamm 1979). We might further envis-
age that site deterioration via
nutrient impoverishment would be
especially severe on the more inten-
sively-cropped sites (i.e., sites
where whole-tree or complete-tree
clear-cuts are used over short
rotations), or perhaps on sites that
are initially sensitive to nutrient

impoverishment following cutting
(perhaps because of initially low
quantities in the soil nutrient

pools, or susceptibility to soil

erosion following cutting), unless
steps are taken to subsequently
ameliorate decreased site fertility,

for instance by forest fertilization.

It is notable that several authors
and two recent symposia have expres-
sed a real concern over the possible
deterioration of forested sites due
to accelerated nutrient depletions
via intensive biomass removals (e.ge.,
Rennie 1955; Keeves 1966; Tamm 1969;



Boyle and Ek 1972; Weetman and Webber
1972; Kimmins 1974, 1977, 1980; White
1974; Calef 1976; Norton and Young
1976; Anon. 1977, 1979; Glesinger
1977; Hornbeck 1977; Aber et al.
1978, 1979; Wells and Jorgensen 1979;
White and Harvey, 1979; Carlisle
1980; Kimmins et al. 1980). Signifi-
cantly, complete agreement does not
exist among these various authors as
to the ecological significance of the
removal of large quantities of par-
ticular nutrients with harvested
biomass. This overall lack of
consensus is due to a number of
factors, especially: i) species and
stand-age differences in nutrient
removals from harvested sites, and
ii) site specificity as to the par-
ticular  chemical factors limiting
tree growth. For example, Weetman
and Webber (1972), working with two
mature spruce-dominated stands in
Quebec, identified calcium as a
potential problem with respect to
site improvishment, and they consid-
ered nitrogen removals to be insig-
nificant. Boyle and Ek (1972),
working on a 45 year old trembling
aspen stand in Wisconsin, also con-
sidered calcium and magnesum removal
to be a potential problem. However,
they calculated that the amounts of
nitrogen, phosphorus, and potassium
in the plant-exploitable soil com-
partments were sufficient for at
least five whole-tree rotations on
their site. On the other hand,
Norton and Young (1976), in a calcu-
lated budget for a mature softwood
stand in Maine, concluded that whole-
tree harvest removals of nitrogen,
phosphorus, potassium, and sulfur
were of sufficient significance to
require subsequent fertilization
treatments to avoid site deteriora-
tion. Similarly, White (1974), in a
study of short-rotation cottonwood
stands on alluvial sites in Alabama,
concluded that biomass removals of
nitrogen, phosphorus, and potassium
might be of importance, whereas

calcium and magnesium removals were
not. Obviously, there is a high
degree of species, age, site, and
even regional differences as to the
ecological effects of the removal of
quantities of particular nutrients
with harvested biomass.

The purpose of this report is to
examine the potential effects of
nutrient removals via intensive
forest harvests on future site
productivity. This will be done by
presenting literature reviews (rele-
vant to north temperate or boreal
forests) of i) nutrient removals via
forest harvest, ii) nutrient quanti-
ties in the total and plant-exploit-
able pools, iii) the major nutrient
inputs via precipitation, dry deposi-
tion, weathering, and N, fixation,
and iv) the net fluxes of nutrients
(i.e., total inputs minus total out-
puts) from undisturbed stands, and
also from stands affected by cutting,
fire, or other disturbances. These
data will then serve as the basis for
simple calculations which evaluate
the nutrient removals via intensive
harvests of certain short, medium, or
long-rotation hardwood or softwood
stands, relative to: i) calculated
total inputs to the site over a 100
year period, ii) calculated net
fluxes over the same time period, and
iii) the quantities of nutrients in
the total and plant-exploitable soil
pools. To limit the scope of this
latter section, the sample calcula-
tions will be made for northeastern
North American forest types, and the
soils data will be representative of
sites found in central Nova Scotia.

2. BIOMASS AND NUTRIENT
STANDING CROPS OF FORESTS

Table 1 summarizes data describing
the above-ground standing crops of
biomass and nutrients of forest com-
munities, both natural and artificial
(plantations), and encompassing a



broad range of ages. These are thus
equivalent to the maximum biomass
yields and associated nutrient
removals which could be realized from
whole-tree harvests of these stands
(actually, the efficiencies of bio-
mass removal are generally less than
100%, even in a whole-tree clear-cut.
For example, Hornbeck (1977) assumed
a removal efficiency of 80% in his
calculations of nutrient and biomass
removals in the whole-tree clear-cut-
ting of a northern hardwoods stand).

In following the 'scope of this
review, most examples are pertinent
to north temperate or boreal forest
types. Also included in Table 1, for
the sake of comparison, are data
relevant to the standing crops of
biomass and nutrients for a range of
annual agricultural crops.

Consideration of the complex array
of data assembled in this table
clarifies a number of points. Most
important, it is obvious that there
is tremendous variation between
sites, species, and stand age in the
standing crops of biomass and nutri-
ents. Other factors, such as stand
history (particularly as it relates
to patterns of natural disturbance or
silviculture) may also be of signifi-
cance. Variation between studies in
methods of estimating biomass or in
chemical analytical techniques may
also have contributed to some of this
variation in Table 1, and in other
data presented elsewhere in this
review.

The site effect can be illustrated
by the data of Wood et al. (1977) for
two three-year old plantations of
Plantanus occidentalis, where above-
ground biomass varied by 49%, nitro-
gen 72%, phosphorus 119%, potassium
152%, calcium 15%, and magnesium 43%
(Table 2). Similarly, Ovington's
(1962) data for two 47-year old plan-
tations of Picea abies indicate site
variations of 88% for biomass, 113%
for nitrogen, 122% for phosphorus,
40% for potassium, 139% for calcium

and 118% for magnesium (Table 2).
Obviously, the site effect is of
great importance and must be taken
into account when predicting the
uptake, or harvest removals of nutri-
ents by tree crops. Note also that
regional differences in these para-
meters can be even more significant
than site differences within a region.
For example, softwood stands of simi-
lar ages would be expected to differ
considerably between high-rainfall
coastal forests of the Pacific north-
west, and moderate-rainfall coastal
forests of the northeast. Most of
these differences in biomass and
nutrient standing crops would result
from differences in relative growth
rates, as influenced by climate, and
not from effects related to different
tree species on the sites.

Within particular sites, different
species of trees also vary greatly
with respect to growth rates and
nutrient contents. This phenomenon
is illustrated by the data of Alban
et al. (1978), who <compered the
standing crops of biomass and nutri-
ents in adjacent 40-year-old planta-
tions of Pinus resinosa, Pinus bank-
siana, Picea glauca, and Populus
tremuloides - P. grandidentata, grow-
ing in a fine sandy-loam soil in
Minnesota (Table 3). Among these
species, above-ground biomass varied
from 141 to 199 MT ha-l, nitrogen from
102 to 199 kg ha~1, phosphorus from 25
to 57 kg ha-l, potassium from 97 to
287 kg ha~l, calcium 199 to 848 kg
ha~!, and magnesium from 40 to 58 kg
ha-l. Obviously, this species effect
is of great importance, and must be
taken into account when predicting the
uptake or harvest removals of nutri-
ents by various tree crops on a par-
ticular site (Alban (1979), for a more
complete discussion of this topic).

The third major factor which
strongly influences the biomass and
nutrient contents of forests is stand
age which, in modern forestry, can
range from only one year on some




sites, to hundreds of years at the
time of harvest. This effect is
illustrated in Fig. 1 for Populus
deltoides which, for six plantations
ranging in age from 1 to 20 years,
shows almost linear increases in
standing crops over the time period
considered. Note that these trends
do not persist indefinitely, and with
time the rates of net accumulation of
both biomass and nutrients should
decline in older stands.. These
decreases in rates of accumulation
are illustrated over the medium-term
by the data of Ovington (1959), who
examined the process in a series of
nine plantations of Pinus sylvestris,
which varied in age from 7 to 55
years (Fig. 2). This process is also
discussed for longer-term succes-
sional time periods in northeastern
hardwood forests by Bormann and
Likens (1979). The model of forest
growth presented by these authors
indicates that, in the absence of
catastrophic disturbance, moderate
declines in biomass (and presumably
nutrient standing crop) would occur
in overmature forests relative to
moderate-aged forests, due to a
shifting mosaic of microsuccession
which occurs as individual trees are
killed or senesce and die, producing
gaps in the forest canopy which are
occupied by younger trees of lower
standing crops. Thus, stand age is
another significant factor which must
be considered when predicting the
uptake or harvest of nutrients by a
tree crop on a particular site.

In summary, it must be concluded
that because of the tremendous vari-
ations in biomass and nutrient stand-
ing crops, due to the factors cited
above, it is difficult to generalize
these characteristics for broad
forest categories (eege, for
"average" short, medium, or long-
rotation hardwood or softwood
forests) . Thus, there is a high
degree of site, regional, and tree
species differences that must be

considered when  evaluating the
removals of biomass or nutrients
during forest harvests.

Table 4 summarizes data describing
the standing crops (of biomass and
nutrients) in a wide range of forest
communities, both above-ground and in
some cases, below-ground. In addi-
tion, the above-ground data have been
compartmented into standing crop
values relevant to contents in the
merchantable boles of these forests,
and into total above-ground contents.
These data are equivalent to the bio-
mass and nutrient contents of these
forests that are potentially avail-
able to be harvested by conventional,
whole-tree, or complete-tree clear-
cutting.

Once again, it is readily observed
that these data are highly wvariable
between stands, due to differences in
such parameters as site, region, tree
species, forest age, and stand
history. Thus, there is a high
degree of stand specificity in the
standing crops of biomass and nutri-
ent, and hence potential removals of
these via the various types of clear-
cut harvest. It is therefore diffi-
cult to generalize about these remov-
als for broad forest categories.

For all stands, it 1is apparent
that there are increments in biomass
removal in the calculated whole-tree
or complete-tree harvests, relative
to conventional removals. However,
in all cases, the increments in
nutrient removals are larger, and
frequently much larger, than those
for biomass. Thus, the increases in
yields of biomass by the more inten-
sive harvest methods would be obtain-
ed at the expense of much larger
nutrient removals from the wvarious
forests stands. In some forest
stands, these accelerated rates of
removal of the nutrient capital of
the site could be of ecological
significance, if the enhanced remov-
als were large vrelative to the
amounts in the soil, or were larger




than rates of net input to the
watershed over the stand rotation
period. If this were true, then we
could expect that the site would
eventually become degraded with
respect to its soil nutrient pool,
and that future vyields could be
lowered as a result of this nutrient
impoverishment. In the following
sections we will examine the sizes of
the major residual pools of nutri-
ents, and the magnitudes of other
flux components (i.e., inputs to, and
outputs from the watershed), in order
to assess this potential problem.

3. NUTRIENT POOLS IN FOREST SOILS

Table 5 illustrates data for the
nutrient contents of the forest
floors (i.e., litter, duff, and
humus) and mineral soils over a range
of forest types. Depending on the
particular study, the data illustrate
values for '"total" amounts (i.e.,
acid digests), and "available"
amounts (usually measured via soluble
fractions for nitrogen (as NO3-N
plus NHy-N), as weak acid-soluble
for phosphorus (as PO4-P), and as
exchangeable ions in ammonium acetate
for potassium, calcium, and
magnesium) . :

The high site-to-site variation in
Table 5 can be attributed to several
factors, some of which undoubtedly
act together. These include: 1)
real differences in soil fertility,
due to differences in soil minera-
logy, texture, and organic matter
content, ii) differences in the
depths of soil that were sampled
(which in most studies reflected
different plant-exploitable depths,
which could vary according to such
factors as the rooting depths of
particular tree species on the site,
the height of the water table, the
presence of an impermeable hardpan or
clay layer, etc.), and iii) differen-
ces in the analytical techniques that

were used to measure the nutrient
contents. This latter factor would
be of particular significance in the
measurement of the '"available" or
"exchangeable" fractions of the soil
nutrient pool, as the chemical tech-
niques for these measurements are not
always standardized, among many
studies.

In general, however, the amounts
of the various nutrients in the total
soil pools were large relative to the
above-ground tree contents in the
various studies of mature forests
that were reviewed, while the amounts
in the available or exchangeable
pools were frequently similar to, or
smaller than the amounts in the
above-ground biomass. These relative
fractions will be discussed in more
detail in section 7 of this report.

4. NUTRIENT INPUTS TO FORESTS

Inputs of nutrients to forests
occur mainly via four principal
routes. These are precipitation, dry
deposition, weathering, and nitrogen
(Np) fixation. These processes are
discussed in the following pages.

a) Precipitation Inputs

Data relevant to inputs of nutri-
ents with precipitation are sum-
marized in Table 6. Variation in
these nutrient inputs between the
various sites likely reflects many
factors. Of significance, would be
differences in the amounts of pre-
cipitation that are received at
different locales. In general, high
precipitation sites have higher
nutrient inputs via this route than
do low precipitation sites (although
this may be offset by more rapid
rates of flushing). For some nutri-
ents (particularly P), problems may
exist with respect to errors inherent
in the collection, preservation, and
analysis of samples.

Other factors that influence the
chemical composition of precipitation



may be of significance in some areas.
For example, sites close to seashores
may have precipitation inputs that
are chemically influenced by marine
aerosols, especially  sodium and
chloride, but also sulfate, magne-
sium, and other ions, although to a
much lesser extent. Similarly, areas
subject to large quantities of wind-
blown dusts from agricultural fields
may be influenced by this source,
particularly with respect to potas-
sium, calcium, magnesium, and
phosphorus. ‘

In addition, forested sites near
large urban areas frequently receive
relatively large precipitation inputs
of NO3-N, NHy-N, and SO4-S.
these enhanced nutrient depositions
are largely related to anthropogenic
emissions of certain pollutants to
the atmosphere. For example, large
emissions of gaseous oxides of nitro-
gen (NOy), primarily from internal
combustion engines and power plants,
may result in elevated atmospheric
concentrations of these gases. These
are oxidized in the atmosphere to
NO3™, which may combine with
NH4:+ or some other -atmospheric
cation to form a neutral salt par-
ticulate. This may later serve as a
condensation nucleus for a raindrop
or snowflake, and be rained out of
the atmosphere, or it may be washed
out of the atmosphere by rainwater
originating from clouds higher up.
Similarly, gaseous sulfur dioxide is
emitted in large quantities by coal
and oil-fired power plants, sulfide
metal smelters, and other industries.
This SO, is oxidized photochemi-
cally and catalytically to sulfate in
the atmosphere, where it may combine
with ammonium or other cations to
form a neutral salt or, if atmos-
pheric cations are in short supply,
it may exist as sulphuric acid.
These are then available for deposi-
tion with precipitation as. either
rainout or washout, as previously
described. Ammonia is also emitted

to the atmosphere by anthropogenic

sources, particularly by certain
chemical industries and animal
feedlots.

Overall, however, the site-to-site
variations in nutrient inputs via
precipitation are not overly large,
and it 1is reasonable to calculate
"typical" wvalues for the array of
north temperate sites (Table 6.)
These calculations indicate mean
precipitation inputs of ca. 6 kg ha~!
yr—1 nitrogen, 0.4 kg ha -1 yr—1phos-
phorus, 1.7 kg ha-l yr 1 potassium,
7.2 kg ha~l yr=1 calcium, and 1.7 kg
ha—1 yr‘l magnesium (Table 7).

b) Dry Deposition

Dry deposition of nutrients
represents inputs of atmospheric par-
ticulates or gases, but occurring in
the absence of precipitation. Inclu-
ded in this category would be the
filtering of atmospheric particulates
by forest canopies, the absorption of
water- soluble gases onto moist sur-
faces, or direct gaseous uptakes via
leaf stomata. Unfortunately, there
are almost no quantitative measure-
ments of nutrient inputs via dry
deposition, although it appears that
for some nutrients, particularly
nitrogen and sulfur, the process is
significant. For example, Likens et
al. (1977) calculated dry inputs of
fixed nitrogen at Hubbard Brook to be
14.9 kg ha-l yr~l compared with 5.8
kg ha~-l yr-1 via deposition with pre-
cipitation. Unfortunately, I am
aware of no other data with which
these can be compared. Although
there are many measurements of atmos-—
pheric concentrations of NO, gases,
there are no measurements of their
deposition velocities to vegetation
surfaces (Unsworth 1977). However,
likely  approximations have been
suggested (Grennfelt et al. 1980).
The above also applies in general to
NH3, although it is likely that the
dry deposition of this gas onto moist
surfaces would be rapid, owing to its
high solubility in water (Unsworth



- 1977). Similarly, Mayer and Ulrich
(1974) calculated ratios of precipi-
tation input:dry input of 13:6 for
Ca, 4:5 for K, and 3:1 for Mg in a
Fagus sylvatica stand. Miller et al.
(1976) calculated analogous ratios of
3:4 for Ca, 3:7 for K, and 3:2 for Mg
in a Pinus nigra forest in Scotland.
In addition, it is known that the dry
deposition of atmospheric sulfur onto
moist surfaces can be very signifi-
cant in SOz-polluted areas, because
of the high water—-solubility of this
gas (Unsworth 1977, Freedman and
Hutchinson 1980a). It appears that
atmospheric inputs of certain nutri-
ents via dry deposition may prove to
be quantitatively significant, par-
ticularly in relatively polluted
areas where the concentrations of
atmospheric gases of nitrogen and
sulfur may be high, and possibly also
in areas having high amounts of
suspended particulates. However,
much more work is required before

these inputs can be reliably
quantified.
c) Weathering

Weathering refers to nutrient

release from bedrock or soil miner-
als, whereby nutrients bound as
insoluble minerals are made water-
soluble (and hence potentially
available for plant wuptake) by
various chemical processes, such as
oxidation, hydration, or carbonation.
In general, the release of nutrients
by weathering processes is highly
variable between sites, and is
strongly dependent on the primary
mineralogy of the bedrock or soil
parent material. Soft carbonaceous
rocks, such as limestone or dolomite,
weather at relatively higher rates in
moist climates, and thus release
minerals faster for plant uptake, as
compared with hard, siliceous rocks,
such as granites or gneisses. How-
ever, few good quantitative estimates
of weathering rates exist, as the
process is very difficult to measure
by either direct or indirect tech-

niques (Clayton 1979). These diffi-
culties must be borne in mind when
considering the data that follows.

Table 8 summarizes data from
several studies, relevant to rates of
weathering in forested watersheds.
Nitrogen, which is not a constituent
of most primary minerals, is not re-
leased in significant quantities by
weathering processes. The two
studies which included data on phos-
phorus release, indicate rates of ca.
0.6 kg ha~! yr'_l. The release of
potassium, calcium, and magnesium
varied greatly between studies,
depending on the mnature of the
primary minerals being weathered.
Potassium release averaged ca. 5 kg
ha~1 yr"l, calcium averaged 18 kg
ha™1 yr“l , and magnesium averaged ca.
5 kg ha~! yr"l. The data of Art—_—ei
al. (1974) were omitted from these
calculations, as they refer to very
depauperate quartzitic soils of an
offshore island.

d) Nitrogen Fixation

The fixation of atmospheric nitro-
gen (NZ) is a biological process,
occurring by the action of wvarious
micro-organisms via the enzyme nitro-
genase. These micro-organisms differ
taxonomically and ecologically, and
include bacteria, actinomycetes,
blue-green algae, or other micro-
organisms. Some are free-living, and
others live in associations with
higher plants that range from Iloose
rhizosphere associations, to symbi-
otic occurrences in root nodules
(Wollum and Davey 1975; Postgate
1978; Davey and Wollum 1979;
Jurgensen et al. 1979a).

Table 9 summarizes data illustra-
ting rates of N, fixation in a
variety of north temperate forest
types. The tremendous range exhibi-
ted reflects the fact that some
forests, dominated by trees or shrubs
having symbiotic associations with
No-fixing micro-organisms, have
very high rates of fixation. For
example, rates of fixation of up to



320 kg ha~1l yr-1 have been measured
in an Alnus rubra stand in the
Pacific northwest (Wollum and Davey
1975).

Because of the variation in the
data, it probably would not be useful
to calculate an "average" figure for
No-fixation. However, Soderlund
and Svenson (1976) have -estimated
that some 40 x 107 kg of N are
fixed per year in the world's forests
(accounting for ca. 29% of terrestri-
al biological N, fixation, and ca.
21% of total terrestrial Nj fixa-
tion). If this estimate is standard-
ized with Odum's (1971) figure of 39
'x 106 km2 of forest area on
earth, then one can calculate a
global mean rate of forest N, fixa-
tion of ca. 10 kg N ha~1 yr'l.

Rotting wood on the forest floor
is an important microsite for Ny
fixation, especially in forests
having relatively acidic forest
floors, which inhibit the growth of
bacteria, blue-green algae, and
actinomycetes (e.g., Jones et al.
1974; Bormann et al. 1977; Larsen et
al. 1978; Likens et al., 1978;
Bormann and Likens, 1979; Jurgensen
et al., 1979 a,b). Bearing in mind
the significance of rotting wood as a
site for N» fixation, it seems that
another problem which could arise
indirectly from whole-tree or com-
plete tree harvests might be a lack
of these microsites, as these inten-
sive harvest techniques leave
relatively little slash or debris
behind on the site.

Note also that some of ‘this
fixation of atmospheric N, may be
offset by nitrogen losses by the
denitrification of nitrate by micro-
biological processes which produce
gaseous NO, or Njy. Unfortu-
nately, the process of denitrifica-
tion has not yet been well estab-
lished or quantified for forests.
The data of Likens et al., (1978) for
Hubbard Brook refer to "net fixation"

(14 kg ha-1 yr“l), ices, Np fixa-
tion minus denitrification.

5. NET FLUX OF NUTRIENTS FROM FORESTS

The most significant output of
nutrients from undisturbed forests
occurs via streamwater or groundwater
losses of suspended or soluble mate-
rials. In general, "the soils of a
river basin govern the quantity, and
the rocks the quality of the solids
[i.e., suspended and soluble] in the
water" (Viro 1953). Disturbance of
forested watersheds is another key
factor that influences the quantity
and quality of nutrient losses via
streamwater. This is dealt with in
the next section.

Data will not be presented here
that are directly relevant to stream-
water losses of nutrients. However,
Table 10 presents data for a variety
of north temperate forested water-
sheds describing the net fluxes of
nutrients, ie€o, total inputs
(usually measured via precipitation
only) minus total outputs (usually
measured via either streamwater or
groundwater losses). If net flux
values for a watershed are positive,
then the watershed is accumulating
the nutrient over time. Conversely,
if the net flux is negative, then the
watershed is suffering a net nutrient
depletion.

From the data of Table 10, we can
calculate a "typical" net flux for
hard-bedrock watersheds (i.e., grani-
tic and gneissic) of ca. +7 kg N ha~l
yr~1, +0.3 kg P ha~ yr"l, -0.6 kg K
ha ~1 yr'l, -7 kg Ca ha~! yr~1, and
-2 kg Mg ha~! yr"l. On watersheds
situated on limestone or dolomite
bedrock or till, we would expect that
the negative net fluxes of calcium
and magnesium would be more than an
order of magnitude higher (c.f. data
of Henderson et al. 1977b included
in Table 10).



6. FOREST DISTURBANCE AND NET FLUX

It is well established that large-
scale disturbances of forested eco-
systems lead to accelerated losses of
nutrients from their watersheds, and
thus cause losses of the nutrient
capital from the site. The distur-
bances that are considered here are
forest fire, forest harvest, and
briefly, pollutant interactions, such
as acidic precipitation.

a) Effects of Forest Fires on
Nutrient Losses

The burning of forests can lead to
nutrient losses via three principal
mechanisms. These are: volatization
losses to the atmosphere, and stream-
water losses via accelerated rates of
erosion, or leaching.

Losses of nitrogen to the atmos-
phere occur via the volatilization of
organically-bound nitrogen in either
soils or vegetation, with the process
being particularly rapid at higher
combustion temperatures (Knight 1966;
Grier 1975; Evans and Allen 1971;
De Bano et al. 1979; Dunn et al.
1979; Raison 1979). The mechanism of
nitrogen volatilization is not yet
firmly established, and may, in fact,
differ for burns of different inten-
sities. Postulated mechanisms in-
clude the loss of nitrogen as NHj
(Hosking 1938), loss as N, (DeBell
and Ralston 1970), or loss as NOg4
(Sandburg et al. 1979). The actual
percentage loss to the atmosphere of
the total nitrogen in the fuel de-
pends on the characteristics of the
burn, including moisture content of
the fuel (e.g., De Bano 1979; Dunn et
al. 1979, in Table 11), and the tem-
perature of the combustion (e.g,
Knight 1966, in Table 11). Under
moderate burn conditions, nitrogen
losses as low as 10% are reported,
while high temperature burns of dry
fuels report nitrogen losses of up to
67% (Table 11). Thus, fire can cause
very large losses of nitrogen from
forested sites, especially if the

forest floor burns in addition to the
above-ground vegetation. For exam-
ple, three studies reporting on ni-
trogen losses to the atmosphere dur-
ing wildfires in coniferous forests
described losses of 855 kg N ha
(Grier 1975), 580 kg ha (Kimmins
and Feller 1976), and 320 kg ha
(Viro 1974). These wildfire losses
are equivalent to, or greater than,
the potential whole-tree harvest re-
movals from most mature coniferous
forests.

Atmospheric losses of other nutri-
ents as a result of forest fire have
also been reported, although they are
generally much less than those of ni-
trogen (Table 11). These occur main-
ly via convective losses of particu-
lates rather than by volatilization.

Interestingly, in spite of the
considerable losses of nitrogen and
other nutrients to the atmosphere

following forest fires, indicating
lowered quantities stored on the
site, it 1is frequently (but not

always) reported that there are
short-term increases in post-burn
nutrient availabilities in soils.
This allows in some cases for the
vigorous regrowth by surviving or
invading species (e.g., Vlamis et al.
1955; Ahlgren and Ahlgren 1960;
Knight 1966; Smith 1970; Wagle and
Kitchen 1972; Boyle 1973; Viro 1974;
St. John and Rundel 1976; Smith and
James 1978; De Bano et al. 1979;
Dunn et al. 1979; Raison, 1979;
Stark, 1980a.)

The burning of forests also leads
to accelerated rates of nutrient loss
from watersheds by the erosion of
suspended particulates, or by the
leaching of soluble ions. The rela-
tive degree of effect depends on many
factors, including the intensity of
the burn, and various site factors,
such as slope, soil type, etc. Data
summarizing the results of several
studies investigating this phenomenon
are presented in Table 12 (the sub-
ject has also been reviewed recently



by Tiedemann et al. 1979). Most of
these studies document the syndrome
of accelerated nutrient loss, and
they show that this can occur at
rates that are similar to or greater
than those observed following the
clear-cut logging of forested sites
(next section).

b) Effects of Forest Harvest on
Nutrient Losses

In some situations, the harvesting
of forests can lead to significant
losses of soils and nutrients from
watersheds by erosion and leaching.
Because of the potential ecological
significance of this problem, due to
losses in site fertility, siltation
of water bodies, and destruction of
freshwater wildlife habitats, this
process has been studied fairly
intensively, and several recent
reviews have been published (e.ge.,
Megahan 1972; Rice et al. 1972;
Sopper 1975; Patric 1976; Corbett et
al. 1978; Hornbeck and Ursic 1979;
Martin and Pierce 1979; McColl and
Grigall 1979; White and Harvey 1979;
see also Table 13).

With regards to erosion from
harvested forests, the conclusions of
Rice et al. (1972) are enlightening:
i) most logging activities increase
the rates of erosion from forested
lands, 1ii) erosion is spatially non-
uniform on harvested sites, iii)
initially high rates of sedimentation
following disturbance are reduced
rapidly, usually within two to five
years, iv) landslides and creep are
the most important erosional proces-
ses in mountainous areas, Vv) steep
slopes are especially vulnerable, and
vi) roadbuilding is a very important
factor in causing erosion from
forested lands. Most authors agree,
however, that large erosional losses
from watersheds do not necessarily
have to occur after logging, if
established guidelines for proper
operational practices are followed.
These practices should include: i)
the proper planning of forest roads,
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ii) careful installation of culverts,
iii) avoidance of stream crossings or
of using streams as skidding trails,
iv) leaving of buffer strips of uncut
forest along watercourses, Vv) using
skidding techniques that have minimal

effects on the integrity of the
forest floor (e.g., cable logging
(Patric 1980)), vi) allowing or

encouraging rapid vegetation regrowth
on the site to speed the reestablish-
ment of biological moderation of
erosion, or, wultimately, wvii) deci-
sions to leave hypersensitive sites
uncut.

Table 14 summarizes data from
studies that documented increased
discharges of sediments from logged
watersheds. In general, results from
the various studies are highly wvari-
able, due to the great differences
between watersheds in susceptibility
to erosion. It can be concluded,
however, that although erosion can
undoubtedly contribute to significant
losses of soils and nutrients from
certain susceptible watersheds, the
losses can be minimized by the use of
proper precautions during the road-
construction, harvesting, and regene-
ration phases of the logging opera-
tion. However, it could also be con-
cluded that intensive harvest tech-
niques (such as complete-tree harves-
ting) which would severely disturb
the soil surface during stump and
root removals, could cause severe
erosion on some sites.

A large number of studies have
examined the leaching of soluble
nutrients from logged watersheds.
Leaching results in increased concen-
trations of some nutrients in stream-
water, and therefore increased losses
from the site. Of particular concern
are the losses of nitrogen, mainly as
soluble nitrate. Elevated concentra-
tions of  nitrate in streamwater
draining certain logged areas prob-
ably are the result of several fac-
tors. These include: i) increases in
the rates of mineralization of



organic matter (causing the release
of a portion of the organically-based
nitrogen as ammonium or nitrate), due
to increased microbial activity
resulting from a) warmer surface
soils, b) an influx of organic matter
into the soil, c¢) an increase in
nutrient availability and d) de-
creased moisture stress (the latter
two factors are related to a decline
in the uptake of nutrients and water
by higher plants following logging)
(Cole and Gessel 1965; Likens et al.

1970; Piene 1974; Cole et al. 1975
Jurgensen et al. 1979b), and ii) an
increase in the populations and
activity of nitrifying bacteria
following the logging of certain
sites (Likens et al. 1970). Notably,
this increase in the activity of
nitrifiers does not appear to occur
on all clear-cut sites (Reinhart
1973).

Table 15 summarizes data for the
studies listed in Table 13, relevant
to streamwater losses of nutrients
from clear-cut watersheds. Once
again, the highly wvariable site-to-
site data indicate differences in
susceptibility to nutrient losses via
this route. The conclusions of
Sopper (1975), in a recent review,
may be relevant here: i) except for
studies at the Hubbard Brook Experi-
mental Forest (e.g., Likens et al.
1977, 1978; Bormann and Likens 1979),
few studies have shown large in-
creases in nutrient losses from
harvested sites by this route, and
ii) even after disturbance by log-
ging, nutrient discharges by stream-
water are generally low, relative to
site nutrient capital, so that de-
creases in site productivity are not
anticipated. Sopper (1975) also
noted few effects of the silvicul-
tural use of herbicides on nutrient
losses by streamflow.

c) Other Disturbances

Several other local or regional
disturbances also bear mentioning, as
they may affect rates of nutrient
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cycling, or may increase nutrient
losses from watersheds, and hence
they could interact with possible

effects of forest harvesting on these
processes. The potential effects of
acidic precipitation are especially
significant because of the pervasive
and regional nature of the phenomenon
over large tracts of forested land,

particularly in the northeast of
North America.

Numerous authors have recently
reported the results of field or

laboratory experiments where plants
were subjected to simulated "acid
rains" in the form of mists or sprays
(eege., Wood and Bormann 1974, 1975;
Abrahamsen et al. 1976; Fairfax and
Lepp 1976; Ferenbach 1976; Evans et
al. 1977; Galloway et al.  1978;
Matziris and Nakos 1978; Jacobson
1980; Tukey 1980; Tveite and Abraham-
sen 1980). In general, these authors
find measurable acute effects at only
very low solution pH's (i.e., pH<3.
Notably, these pH's are much lower
than those normally encountered in

nature, and thus the acidities are
unrealistically high. For example,
the average annual pH of
precipitation in Ontario is ca.
4.0 - 4.3, and in Nova Scotia ca.
4.0 - 4.6, although the pH of
individual events may be lower

(Dillon et al. 1977; Shaw 1979; Ogden
1980). In fact, it is notable that
not a single incidence of acute
injury to vegetation, resulting from
a naturally-occurring acidic precipi-
tation event, has been reported in
the scientific literature!

Although acute toxicity to vegeta-
tion does not appear to be a problem
with respect to acidic precipitation,
the possibility of subacute, chronic
effects does existe These would re-
sult in growth decrements which would
reduce yields, but would not be mani-
fest in acute injuries. Such effects
could result from several direct or
indirect causes, such as accelerated
base leaching from foliage, decreases



in photosynthesis or increases in
respiration, changes in nutrient
availability due to biological or

chemical effects in soils, or other
factors (the potential mechanisms are
summarized in various sources, inclu-
ding Tamm 1976; Tamm and Cowling

1976; Galloway et al. 1978; Wood
1979; Hutchinson and Havas 1980).
Several studies have attempted to

demonstrate decreases in the growth
rates of forests using dendrochrono-
logical techniques. These studies
compared either current growth rates

to past rates, or growth rates
between areas experiencing acidic
precipitation with areas receiving
circumneutral precipitation. Nota-

bly, none of these studies have con-
clusively documented decreases in
forest productivity that could be
attributed to the effects of acidic
precipitation (e.g., Jonsson and
Sundberg 1972; Abrahamsen et al.
1976, 1977; Cogbill 1977). However,
this apparent lack of effect could be
an anomaly of the fact that the
spatial and temporal heterogeneity of
forest growth means that relatively
small changes in forest productivity
cannot be detected (i.e., even rela-
tive growth decrements as large as,
for example, 5-10% cannot be detected
in an ecosystem as heterogenous as a
forest, using these methods).

It should also be noted that many
regions in Canada (particularly in
the western provinces), as well as
other areas in the world, are known
to have sulfur-deficient soils. This
is especially true for many agricul-
tural soils, which may receive large
quantities of nitrogen, phosphorus,
and  potassium fertilizers (e.g.
Jordan and Ensminger 1958; Coleman
1966; Cowling and Jones 1970; Beaton
et al. 1976). In these cases sulfur
may be a limiting factor, and sulfur-
containing precipitation may actually
be ameliorative to these soils.

As with vegetation, few chemical
or biological changes have been found
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in soils experimentally receiving
"rainfall" having acidities that are
comparable to that of naturally-

occurring precipitation. One possi-
ble exception is the acceleration of
leaching of basic cations (e.g., cal-
cium, magnesium, or potassium) from
experimental soil lysimeters receiv-
ing solutions of various pH. With
some soils, even moderately acidic
solutions (e.g., pH of ca. 4.0) will
increase base loss (Oden and
Anderssen 1971 Overrein 1972;
Fairfax and Lepp 1976; Tamm et al.
1976; Abrahamsen et al. 1976, 1977).
This accelerated base leaching could
possibly be of longer-term signifi-
cance in the nutrient impoverishment

and acidification of certain sensi-
tive soils, in particular free-drain-
ing, poorly-buffered soils having
pH's of ca. 4-6, with low anion-
exchange capacity, and located in
regions receiving relatively large
amounts of  precipitation (eego,

certain brunisols). These relatively
sensitive soils are widespread over
parts of northeastern North America,
as are the non-sensitive north tem-
perate soil types, such as well-buf-

fered calcareous soils having pH's
above 6 (luvisols), or well-buffered
acidic soils having pH's below

3.5-4.0 (e.g., podsols) (after Bache
1980; Johnsen and Freedman 1980;
Petersen 1980; Schnitzer 1980; Seip
and Freedman 1980; Wiklander 1980).
Significantly though, there is no
documented evidence that forest or
agricultural soils have been acidi-
fied or significantly impoverished as
a result of acidic precipitation
occurring at pH's typical of those
observed in the field. Thus, the
problem is a potential, longer-term
one (Johnsen and Freedman 1980).
However, if the problem does prove to
be a real one, then it would be of
great ecological and economic signif-
icance, because of the tremendous
areas of forested land that would be
affected.



Other disturbances have also been
linked to changes in the rates of
nutrient cycling in forests. For
example, decreased rates of litter
decomposition and other microbial
processes have been observed in
metal-contaminated forest soils close
- to polluting smelters, and this un-
doubtedly slows nutrient cycling in
the affected stands (Tyler 1974, 1975
a,b, 1976; Strojan, 1978; Freedman
and Hutchinson 1980 a,b). These
problems are, however, localized to
the vicinities of the  smelters.
Thus, they are not of widespread
significance, and would not interact
with the effects of intensive forest
harvest over large areas.

7. EVALUATION OF NUTRIENT REMOVALS

BY FOREST HARVEST.

In this section, simple calcula-
tions will be presented which attempt
to evaluate the ecological signifi-
cance of nutrient removals with in-
tensively-harvested biomass. To this
end, harvest removals for selected
stands of various rotation lengths
and harvest methods will be compared
with i) calculated nutrient inputs
(over a 100-year period) via precipi-
tation, weathering, and N, fixa-
tion, ii) with calculated net fluxes
over the same period, and iii) with
amounts in the total and plant-
available soil pools. It must be
stressed that, because of the wide
site-to-site variations that are
found in the magnitudes of the
various nutrient pools and fluxes,
only limited confidence can be placed
on the calculated "average" data for
these parameters. This also applies
to the data relevant to soil pools,
which in most cases, refer to an
average for hardwood or softwood
sites in central Nova Scotia, calcu-
lated using the data of Freedman et
ale 1980b). The data relevant to
harvest removals are from selected,

13

"typical" stands of various ages, all
occurring in northeastern North
America (i.e., no attempt was made to
calculate "average" nutrient removals

for short, medium, or long-rotation
forests).

In addition, no attempt was made
in these simple calculations to

account for changes in the rates of
influx or efflux of nutrients from
sites that might be caused or changed
by clear-cut logging (e.g., increased
leaching or erosion, changes in the

rates of N2 fixation or denitrifi-
cation, etc.). This was done
because: i) some of the negative

effects can be minimized by  careful
planning and execution of harvesting
operations, ii) the data are much too
variable and site-specific to make
generalizations (eegos accelerated
leaching losses), or iii) not enough
information is currently available to
make generalizations (e.g., N>
fixation or denitrification). Note,
however, that these effects would be
of special significance for the
shorter-rotation stands, as distur-
bances of these would be much more
frequent.

a) Short-Rotation Plantations

Tables 16 and 17 summarize data
relevant to calculated nutrient
removals over a 100-year period by
consecutive 1l-year rotations of a
hybrid Populus plantation, and 7-year
rotations of a Populus deltoides
plantation, expressed relative to
calculated rates of nutrient inputs
and net fluxes over the same time
period, and to the soil nutrient
contents of a "good" hardwood soil in
central Nova Scotia.

The data for the Populus hybrid
(Table 16) indicate that, with 100
consecutive whole-tree rotations of
this nutrient-demanding crop, severe
impoverishments of the site nutrient
capital would occur. For example,
removals of nitrogen would be about
5.4 times the total inputs over the
100-year period, phosphorus 13,




potassium 6.6, calcium 2.3, and mag-
nesium 2.4 times. Similarly, the
nitrogen removals would exceed the
initially positive net flux by
12 times, and phosphorus by 43 times,
while the pre-existing negative net
fluxes of potassium, calcium, and
magnesium would be accentuated by
factors of 73, 8.3 and 8.0 times,
respectively. In addition, the pre-
existing soil pools of total nitro-
gen, phosphorus, potassium, calcium,
and magnesium would be depleted by

about 63, 38, 18, 43, and 18 %,
respectively.
However, the "available" soil

pools would be depleted by much
larger factors, i.e., by factors of
108 for nitrogen, 5.2for phosphorus,
31 for potassium, 20 for calcium, and
29 for magnesium. Thus, one could
reach very different conclusions
about the effects of removals of
nutrients via intensive forest
harvests, depending on whether the
nutrient removals were expressed
relative to the total or to the
available soil pools for the wvarious

nutrients. The total pools represent
the gross soil nutrient capital of
the site, although most of it is

present in a chemical form which is
unexploitable by higher plants, until
it is mineralized and made plant-
available by either inorganic proces-
ses or by the actions of soil micro-
organisms. On the other hand, the
available soil pools, although much
smaller in quantity than the total
soil pools, are relatively ephemeral,
(i.e., they have large inputs and
outputs relative to the sizes of the
available pools themselves), in that
the turnover times are rather rapid.
For example, at the Hubbard Brook
northern hardwoods forest, the awvail-
able soil pol of nitrogen had a turn-
over time of only 1.2 years, while
the turnover time of available
calcium was 7 years (calculated from
Likens et al. 1977; Bormann and
Likens 1979). Thus, it may not be of
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great ecological significance that
apparent depletions of available
nutrient pools are calculated, since

they may be rapidly replenished by
mineralization of some fraction of
the unavailable pools. In fact, it
is frequently observed that short-
term increases in the amounts of
available nutrients occur in logged
or burned areas (discussed in sec-
tions 7a and b). In addition,
because of uncertainty over the
ecological meaning of current mea-

surements of nutrient availability
(tsevy Do the various chemical
extractions actually provide a

measure of available nutrients that
is quantitatively similar to that
perceived by plants?), and because of
poor standardization of techniques,
it is frequently difficult to inter-
pret data describing nutrient avail-
ability, or to compare different
studies (see Black et al. 1965; and
Allen et al. 1974 and for a more com-
plete discussion of this problem)-.
Overall, it seems likely that an
ecologically-meaningful measure of
soil nutrient pools, with which
nutrient removals can be compared,
would lie between the total and
available measurements, but (in the
opinion of the author) possibly
leaning towards the total measure-
ments. This would be particularly
true for long forest rotations.

In any event, it appears obvious
that, because the nutrient removals
in intensively-harvested short-rota-
tion plantations are large relative
to the magnitudes of the total in-
puts, to net fluxes, and to the soil
nutrient pools, the use of such an
intensive silvicultural system on
this site would have to be accompa-
nied by nutrient restoration by
fertilization with all of the
described nutrients. Indeed, opera-
tional trials involving agro-forestry
tree crops are heavily fertilized, so
that yields can be both maximized and
sustained.



The calculations relevant to a
7-year rotation of Populus deltoides

are summarized in Table 17. These
data indicate much lower nutrient
removals over an equivalent 100-year
period than those calculated for the
l-year Populus hybrid rotation. How-
ever, the nutrient removals with har-
vested biomass still appear to be
significant. The nutrient removals
by the whole-tree-harvest would
exceed the calculated total inputs by
factors of 1.9 for nitrogen, 4.1 for

phosphorus, 3.8 for potassium, 2.0
for calcium, and 0.8 for magnesium,
while the calculated pre-existing

positive net fluxes for nitrogen and
phosphorus would be exceeded by
factors of 4.3 for nitrogen, and 13.8
for phosphorus, and the negative net
fluxes of potassium, calcium, and
magnesium would be accentuated by
factors of 42, 7.1 and 2.7, respec-
tively. = Whole-tree harvest nutrient
removals would also deplete the soil
quantities of total nitrogen, phos-
phorus, potassium, calcium, and
magnesium by 22, 12, 10, 37,and 6%,
respectively, and the available quan-
tities of these nutrients by much
larger amounts. In view of these
data, it appears likely that these
short-rotation harvests would require
nutrient restoration by fertiliza-
tion.
b) Medium-Length Rotations

Tables 18 and 19 summarize calcu-
lations relevant to the nutrient
removals with intensively-harvested
biomass by two medium-length rota-
tions - one a 29-year rotation of
intolerant hardwoods, and the other a
40-year rotation of a Pinus resinosa

plantation. Both of these harvest
treatments would result in substanti-
ally lower nutrient removals than
those calculated for the short-rota-

tion Populus plantations. For ex-
ample, removals of nitrogen with

whole-tree-harvested biomass from the
1-year Populus hybrid plantation were
calculated as 8600 kg ha™~ 100 yr —,
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and 2986 kg ha~t 100'1 yr from the
7-year Populus deltoides plantation.
These compare with 817 kg ha * 100
yr=l from the 29-year rotation of
intolerant hardwoods, and 865 kg ha-1l
100 yr_l from the 40-year plantation
of Pinus resinosa (Tables 16, 17, 18
and 19).

These result in more moderate
calculated depletions of site nutri-
ent capitals in the medium-rotation

stands. For example, with the
29-year rotation of an intolerant
hardwood stand (Table 18), nutrient
removals with whole-tree-harvested

biomass would be 51% of the total
inputs of nitrogen, 111% for phos-
phorus, 66% for potassium, 39% for
calcium, and 15% for magnesium.
Similarly, the nutrient removals with
harvested biomass would be only 1.2
times the calculated pre-exisitng net
flux for nitrogen, and 3.7 times that
for phosphorus, while the negative
net fluxes for potassium, calcium,
and magnesium would be accentuated by
factors of ca. 7.4, 1.4, and 0.5.
respectively. Moderate depletions of
the soil pools of total nitrogen,
phosphorus, potassium, calcium, and
magnesium would occur, amounting to
about 9, 4, 2, 7, and 23% of the
total, respectively, although the
removals relative to the sizes of the
available pools would be much larger.
Observations similar to those noted
above for the intolerant hardwood
stand can also be made for the calcu-

lated 40-year rotation of Pinus
resinosa (Table 19). Because the
nutrient removals with intensively-

harvested biomass are not large in
comparison with total inputs, net
fluxes, or soil pools, it appears
unlikely that nutrient restoration by
fertilization @ would be  required,
except perhaps over time periods of
the order of centuries.
b) Longer Rotations

Tables 20 and 21 summarize calcu-
lations relevant to the nutrient
removals with intensively-harvested



biomass for two longer rotations -
one a b55-year rotation of tolerant
northern hardwoods, the other a
mature, about 100 year-old mixed-age
stand of Picea rubens - Abies bal-
samea. Both of these harvest
treatments would result in substanti-
ally lower nutrient removals than
those calculated for the two short-
rotation Populus plantations, al-
though the removals are roughly
comparable with those calculated for
the medium-rotation stands. For ex-
ample, removals of nitrogen with
whole-tree-harvested biomass for the
l-year Populus hybrid plantation were
calculated to be 8600 kg ha~1
100 yr-1, and 2986 kg ha~1100-1 for
the 7-year Populus deltoides planta-
tion. The analagous removals for the
medium-rotation stands were 817 kg
ha=1 100 yr-1 for the 29-year rota-
tion of intolerant hardwoods, and
865 kg ha—1 100 yr-1 for the 40-year
plantation of Pinus resinosa. These
nitrogen removals compare with 675 kg
ha=l 100 yr-1 for a whole-tree clear-
cut on a 55-year rotation of a toler-
ant northern hardwoods stand, and
239 kg ha~! 100 yr'l for a mixed-age

Picea rubens - Abies balsamea stand
(Tables 16 to 21).

These results imply moderate
calculated depletions of site nutri-
ent capitals in the longer-rotation
stands. With an approximately
100-year rotation of the Picea
rubens - Abies balsamea stand
(Table 21), nutrient removals with

whole-tree-harvested biomass would be
only 15% of the total calculated
inputs of nitrogen, 35% for phos-
phorus, 20% for potassium, 13% for
calcium and 6% for magnesium.
Similarly, the whole-tree harvest
nutrient removals would only be 34%
of the calculated positive net flux
of nitrogen over the 100-year period,
and 117% for phosphorus, while the
negative net fluxes of potassium,
calcium, and magnesium would be in-
creased by factors of 2.2, 0.5, and

16

0.2, respectively. In addition, only
small depletions of the soil pools of
total nitrogen, phosphorus, potassi-
um, calcium, and magnesium would
occur, amounting to about 6.4, 2.8,
15705 1 B 945 vand 125, IF%  of ¥ 9theb Ytotal,
respectively, although the available
pools would be exceeded for most
elements. Because these harvest
removals appear to be small relative
to the total inputs and net fluxes,
and especially with respect to the
total soil pools, it appears unlikely
that nutrient restoration via ferti-
lization or other treatments would be
required, except perhaps over long
time periods.

8. CONCLUSIONS

It is clear that the use of inten-

sive harvest techniques, such as
whole-tree or complete-tree clear-
cutting, will produce substantially

higher yields of biomass than would
conventional bole-only clear-cutting
of the same stand. However, these
increases in the yield of biomass are
accompanied by much larger increases
in the removals of nutrients, because
relatively nutrient-rich tissues such
as foliage, twigs, and small branches
are also removed from the site when

intensive harvests are practiced.
Thus, the short-term biomass gains
are purchased at the longer-term
expense  of accelerated nutrient
removals.

These nutrient removals can be

further increased by severe distur-
bance of the site during the logging
operation, via particulate losses by
erosion or by soluble nutrient leach-
ing into streams. Notably, nutrient
losses by these mechanisms also occur
following natural disturbances of
forest soils (e.g., after wildfire),
and frequently at higher rates than
those observed after logging. Severe
wildfires can also result very
substantial volatilization of

in
losses



nitrogen, frequently occurring at
rates that are higher than those that
would occur by an intensive harvest
of the same stand.

Simple calculations presented here
indicate that, for short-rotation
(i.es, 1-7 yr) Populus plantations,
the nutrient removals with whole-
tree~harvested biomass would result
in a relatively rapid nutrient
impoverishment, and thus this inten-
sive, agroforestry type of site
management must be accompanied by
fertilization to restore nutrients
and to allow sustained high produc-
tivities.

On the other hand, calculations
relevant to medium or longer-length
rotations indicate more moderate
removals of nutrients with harvested

biomass. These are generally less
than the calculated inputs over a
100-year period, and are small

relative to the sizes of the total
soil nutrient pools (although they
are large compared to the sizes of
the relatively ephemeral available
nutrient pools). Because only
moderate depletions of the site
nutrient capital are calculated to
occur, it appears on the basis of
these simple calculations that inten-
sive harvests on medium or longer-
length rotations might not result in

declines of site productivity yia
nutrient impoverishment, except
possibly after several consecutive
rotations. However, due to wvaria-

tions and other uncertainties in many
of the data upon which these calcula-
tions were based, these conclusions
are tentative, and perhaps should not
be taken at face value. Certainly,
longer-term studies are required of
the effects of intensive tree crop-
ping on subsequent site productivity.
These will require more site and
regional-specific field studies, and
further refining and field-testing of
forest growth models (e.g., Aber et
al. 1978, 1979; Kimmins et al. 1980).
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